The objective of this study was to determine the effect of dietary energy, breed (British vs Continental × British crosses), and their interactions on scrotal surface temperature (SST), seminal quality, and sperm production in bulls. This experiment, replicated over 2 yr, included 72 Angus, Angus × Simmental, or Hereford × Simmental bulls fed either a moderate-(100% forage) or high-energy (80% grain, 20% forage) diet for 168 d after weaning. At the end of the feeding period, SST was determined by infrared thermography, seminal samples (two ejaculates) were collected by electroejaculation, and reproductive tracts were collected at slaughter. Bulls fed the high-energy diet were heavier ( P < .0001; diet × time interaction), had thicker backfat ( P < .05; diet × line × time interaction), and had a larger scrotal circumference ( P < .05). Testicular tone decreased over time ( P < .0001) with a diet × time interaction ( P < .05). There was no significant effect of diet on top, bottom, or average SST. However, bulls fed the moderate-energy diet had a larger ( P < .02) SST gradient (3.9 vs. 3.4°C). Bulls fed the moderate-energy diet had more ( P < .01) morphologically normal spermatozoa (68.8 ± 2.1 vs 62.5 ± 2.5%) and a higher proportion ( P < .006) of progressively motile spermatozoa (53.4 ± 2.1 vs 44.5 ± 2.4%). No effects ( P > .05) of dietary energy on epididymal sperm reserves or daily sperm production were detected. Increased dietary energy may affect scrotal or testicular thermoregulation by reducing the amount of heat that can be radiated from the scrotal neck, thereby increasing the temperature of the testes and scrotum.
Introduction
Postweaning dietary energy profoundly affects spermatogenesis. Most bulls fed moderate-energy diets (100% forage) after weaning had substantially greater reproductive potential than those fed highenergy diets (80% grain, 20% forage; Coulter et al., 1987) . Feeding Angus and Hereford bulls moderatevs high-energy diets from weaning to 15 mo of age resulted in greater efficiency of sperm production (13%), daily sperm production (19%), and epididymal sperm reserves (52%; Coulter et al., 1987) . The mechanism by which feeding higherenergy diets decreases reproductive capacity is not clear. Perhaps excess fat in the neck of the scrotum and(or) scrotal tissues insulates the testes and increases scrotal/testicular temperature, thereby decreasing sperm production and seminal quality.
The objective of the current study was to determine the effect of dietary energy, breed (British vs Continental × British crosses), and their interactions on scrotal surface temperature, seminal quality, and sperm production.
Materials and Methods
This experiment, replicated over 2 yr included crossbred and straightbred bulls ( n = 72) of four lines: Angus × Angus, ( AM × AM) ; Simmental × Hereford ( SM × H) ; Simmental × Angus ( SM × AM) ; and Simmental × Angus ( SM × AH) . Bulls in the Simmental × Angus lines resulted from breeding the same Simmental sires to cows from Angus lines selected for five or six generations for feedlot gain on either high-( AH) or moderate-( AM) energy diets (Gilbert et al., 1993) . Bulls were fed either a moderate-energy (100% forage) or high-energy (80% grain, 20% forage) diet for 168 d after weaning (Coulter and Kozub, 1984; Coulter and Bailey, 1988) . Cook et al., 1994) . The camera was hand-held at the level of the scrotum, approximately 1.0 m from the scrotal surface. The DISCO software Version 3.0 (GESOTEC, copyright 1983, Darmstadt, Germany) was used to determine mean SST within defined areas. Top and bottom scrotal surface temperatures were calculated by determining the mean of all pixels in horizontal bands the width of the scrotum and four pixels high. Top SST was measured over the dorsal aspect of each testis, just ventral to the warm areas overlying the testicular vascular cone. Bottom SST was measured similarly approximately 1.5 cm from the bottom of the scrotum. Temperature gradient was determined by subtracting the bottom from the top temperature. For average SST of each testis, the area overlying each testis was estimated, and mean values for all pixels within this area were determined.
Seminal samples (two ejaculates) were collected by electroejaculation at the end of the feeding period. Semen was diluted in 2.9% sodium citrate dihydrate, and the proportion of progressively motile spermatozoa was estimated in increments of 5%. A semen sample was preserved in .2% glutaraldehyde (in phosphate buffer; Johnson et al., 1976) and 100 cells per sample were evaluated to determine the proportion of spermatozoa with primary and secondary morphological defects. Sperm defects classified as primary were those affecting the sperm head; secondary defects were those affecting the sperm midpiece and tail. Simmental × Hereford bulls were not slaughtered because they had not reached market weight. The other three lines of bulls were slaughtered and testicular tissue samples were collected to determine epididymal sperm reserves ( ESR) and daily sperm production per gram of testicular parenchyma ( DSP; Amann et al., 1973) .
A repeated measures analysis of variance (SAS, 1989) was used to evaluate the main effects of diet, line, time on feed, and their interactions for body weight, backfat thickness, scrotal circumference, and testicular tone. For SST, the percentage of normal and abnormal sperm, ESR, and DSP, regression analysis was used to evaluate the main effects of diet, line, and their interaction. Because differences attributable to year were difficult to interpret, year was included as a random factor in the regression models with significant results reported in the text with limited discussion.
Results and Discussion

Body Weight and Backfat Thickness
There were effects of line ( P < .0001) and diet × time interactions ( P < .0001) for body weight. The primary difference was between the consistently heavier Simmental × Angus (moderate energy line) cross and the Simmental × Hereford cross resulting in the significant line effect (Table 1) . The diet × time interaction was expected because the bulls on the high-energy diet gained weight at a greater rate than those on the moderate-energy diet. As a result, there was a diet × line × time interaction ( P < .05) for backfat thickness. In a previous study with crossbred Continental bulls, increases in backfat thickness were associated with decreased fertility (Coulter and Kozub, 1989) .
Scrotal Circumference
Scrotal circumference increased over time ( P < .0001), and there were also interactions involving time × line ( P < .0001) and time × diet ( P < .0001). The effect of breed on scrotal circumference has been well documented (Coulter and Keller, 1982 
a Top SST was measured over the dorsal aspect of both testes, just ventral to the warm areas overlying the testicular vascular cone. Bottom SST was measured approximately 1.5 cm from the bottom of the scrotum. Temperature gradient was the difference between top and bottom SST. For average SST of each testis, the area overlying each testis was estimated and mean values for all pixels within this area were determined.
b Line: AM = Angus (moderate-energy line), AH = Angus (high-energy line), SM = Simmental, and H = Hereford. , 1982) , consistent with breed differences in the present study (Table 1) . It seemed that part of the increase in scrotal circumference in bulls fed highenergy diets may be a result of additional scrotal fat deposition. Coulter et al. (1987) reported that scrotal circumference was higher ( P < .05) at 12 mo of age in bulls fed high-vs moderate-energy diets after weaning, but this difference disappeared ( P > .05) by 15 mo of age. Cates (1975) reported that heavily fitted (i.e., fat) 2-yr-old bulls had a scrotal circumference approximately 2 to 3 cm larger than bulls in moderate body condition. However, the scrotal circumference of the heavily fitted bulls decreased by 1.5 to 5 cm following a "let down" period.
Testicular Tone
Testicular tone decreased over time for both years ( P < .0001; Table 1 ). There was also a diet × time interaction ( P < .05); the bulls on the moderate-diet had greater testicular tone than those fed the highenergy diet. It seemed that bulls on high-energy diets have softer testes and a concurrent decrease in reproductive capacity. Increased testicular tone is generally associated with improved seminal quality and sperm production (Hahn et al., 1969; Cook et al., 1994) .
Scrotal Surface Temperature
Even though there was no significant effect of diet on top, bottom, or average SST, there was an effect of diet ( P < .02; Table 2 ) on the SST gradient; the bulls on the high-energy diet had a lesser gradient than those on the moderate-energy diet (3.4 vs 3.9°C). Year was included in the model as a random variable and was significant ( P > .001). It seemed that the bulls on the high-energy diet were unable to cool the scrotum as well as those on the moderate-energy diet.
There was a line effect ( P < .005) for top SST (Table 2) . Differences observed among lines may be attributable to differences in conformation and the scrotal shape of Continental vs British bulls. These differences seem to be further modified by differences in dietary energy. Coulter (1988) suggested that body condition, and concurrently the amount of fat deposited in the neck of the scrotum and scrotal tissue, may adversely affect SST. Cook et al. (1994) reported that an increase in the distance from the vascular cone to the skin was associated with an increase in top SST, perhaps due to a decreased capacity for countercurrent heat exchange within the testicular vascular cone.
Seminal Quality
The proportion of progressively motile spermatozoa (Table 3 ) was affected by diet ( P < .006). The highenergy diet resulted in less progressively motile spermatozoa than the moderate-energy diet (44.5 vs 53.4%). Percentage of morphologically normal spermatozoa was affected by diet ( P < .01) and line ( P < .05) with a diet × year interaction ( P < .01). This affect was most apparent in the incidence of secondary defects for which there was a diet × line interaction ( P < .005; Table 2 ); Angus bulls on a high-energy diet had more secondary defects than Simmental × Hereford bulls on a moderate-energy diet (18.9 vs 9.9%). There was also a diet × year interaction ( P < .0001). The results from the present study are similar to those reported by Coulter and Kozub (1989) in which the seminal quality of bulls carrying greater body condition was inferior to that of bulls carrying less condition. Pruitt and Corah (1985) reported that dietary energy did not significantly affect reproductive capacity. However, it seems that the moderate-energy diet in that study was much higher than that used in the present study.
In a related study (Kastelic et al., 1996) , insulation of the scrotal neck (simulating fat deposited within the scrotal neck) resulted in a decrease in morphologically normal sperm ( P < .02). This seemed to be the result of increased scrotal subcutaneous and intratesticular temperatures. It seems that the thermoregulatory mechanism maintaining the testes at ideal 18.7 ± 3.0 18.9 ± 3.3 SM × AM 52.5 ± 4.3 43.5 ± 4.5 73.2 ± 3.7 65.9 ± 3.8 17.1 ± 3.5 21.7 ± 3.8 9.6 ± 1.9 12.5 ± 1.1 SM × AH 57.2 ± 3.5 51.0 ± 3.2 70.9 ± 3.3 67.7 ± 3.2 15.2 ± 1.5 16.1 ± 2.8 13.8 ± 3.4 16.2 ± 1.9 SM × H 54.0 ± 7.6 31.7 ± 7.1 59.3 ± 5.6 45.5 ± 9.8 30.8 ± 6.7 25.5 ± 7.1 9.9 ± 1.5 28.7 ± 6.3 Mean 53.4 ± 2.1 44.5 ± 2.4 68.8 ± 2.1 62.5 ± 2.5 17.3 ± 1.5 20.2 ± 2.2 13.9 ± 1.6 17.3 ± 1.4 temperatures may be overwhelmed by increased scrotal insulation (either artificially applied or through increased fat deposits), resulting in decreased seminal quality.
Daily Sperm Production
There was an ( P < .02) effect of line on DSP; Simmental cross lines produced more than the Angus (Table 4) . There was also a line effect on total ESR ( P < .0002). Again, the Simmental crosses had greater ESR than the Angus. It seems that the genetic makeup of a bull has a larger effect on daily sperm production and epididymal sperm reserves than does dietary energy. In other studies, bulls fed moderateenergy diets had 52% ( P < .01) greater epididymal sperm reserves (Coulter and Bailey, 1988) and 12% ( P < .01) greater daily sperm production (Coulter et al., 1987) than bulls fed high-energy diets.
Implications
Bulls fed a high-energy diet had increased body weight and backfat and decreased testicular tone. This was associated with an increase in top and bottom scrotal surface temperature, leading to a decreased proportion of progressively motile and morphologically normal sperm. It seems that British breed bulls are more susceptible to deleterious effects of high-energy diets than Continental × British cross bulls and should be fed only moderate-energy diets after weaning to minimize negative effects on reproductive capacity.
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